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(54) CartxmHlopedGaAsSbsiemiconduclo^ 

(57) A p-type semiconductor is formed of catbon- 
doped gallium arsenide antimonide (GaAsSb.-C). Car- 
tx>nKioped GaAsSb can t>e fatxicated t^y nr)etak)rganic 
chemical vapor deposition (MOCVD) using source mate- 
rials such as trielhylgallium or trimethylgallium for Qa; 
tertiarytxitylarsine. trimethytaisenic^ or arsine for As: tri- 
methylantimony, triettiyiantimony, or stft>ar)e for Sb; and 
caitx>n tetrachloride, caibon tetratranide. trimethylgal' 
Hum. or trimethylafsenic for C. Molecular beam epitaxy 
(MBE) or metalorganic MBE (MOMBE) can ufifze the 
foregoing sources in addition to tracfitional MBE sources 
such as elemental Ga. As. and Sb. Carborvdoped 
GaAsSb comprises a p^ype semiconductor that may 
replace conventional p-type GalnAs in InP-based senv 
conducta devices where high concentration s of a low 
cfiffusivity p4ype dopant must be incorporated without 
liydrogen passivation effects. If desared. active carbon 
concentrations in excess of 1x10«> cm"3 can be 
achieved in GaAsSb. Thus, high hole concentration can 
be provided in a p-type senuconductor that is oornpatUe 
with InP-based semiconductor materials 
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Description 
Technical Field 

The present Invention relates to lll-V semiconductor s 
materials and. In particular, to cartxxi-doped GaAsStx 
which is compatible with InP-based semiconductor 
materials and may be used to fomna highly doped p-type 
region in electronic devices. 

10 

Background of the Invention 

High speed electronic devices, such as heterojunc- 
tion bipolar transistors (HBTs) fabricated from lll-V sem- 
iconductor materials, generally require highly doped p- is 
type semiconductor regions. At high oonc e niralio n s> 
however, most p-type dopants tend to diffuse into other 
regions of a multilayer device. Unwanted cfiffusion of 
dopants results in poor device performance; including 
unstai)le and unreliable operation. 20 

For GaAs-based semiconductor devices, cartxxi is 
known to be an effective p-type dopant that does not 
^t>it significant cfiffusioa Carbon doping has lead to 
reliable operation of GaAs semiconductor devices with 
regions having hlg^ hole concentrations (ag.. & 2s 
10isicm-3). 

For semiconductor devices based on InP sub- 
strates, the traditional low bandgap material of choice 
has been QalnAs. However, p-type doping of QalnAs. 
whether by metalorganic chemical vapor deposition 30 
(MOCVD) or molecular beam epitaxy (MBE). has been 
challenging for crystal growers. MOCVD can be used for 
doping GalnAs with zinc; but the highest concentration 
attainable is in the low IQiScm^ range. Unfortunately, 
zinc can diffuse very rapidly, and the reliability of devices 3S 
with high zinc doping is not known. MBE can be used for 
doping GalnAs with beryllium, but the diffusivity of Be is 
also relatively high. Typically, a fhkk spacer layer is 
required to alleviate diffusion-related deterkxation in 
devk^ having Be<ioped regmns. 4o 

GalnAs can be doped with carbon using both 
MOCVD and MBE growth technk)ues to form a p-type 
senuconductor material. However, carbon-doped 
GalnAs (GalnAsiC), especially when grown by MOCVD. 
exhbits hydrogen passivation tfiat signffk:antty reduces 45 
the viable hole concentration. This hydrogen passivation 
effect is enhanced by the amount of indium in the mate- 
rial-GalnAswithkMT indium content shows good cartx)n- 
doping characteristics, neariy kJentical to GaAs. Unfor- 
tirately. when lattice-matched to InP-based materials, so 
GalnAs:C has an indhim content of approximately S3% 
and is subject to hydrogen passivation ^fects. If the layer 
of GalnAsrC is an e99)osed surface, the passivation 
effects can k>e reversed by armealing in a nitrogen atrnos- 
phere at temperatures & 400^. For devk^es such as ss 
HBTs. however, where the caitx)n-doped p^ active base 
layer is buried (i.e.. is not an exposed surface), re-acti- 
vation by anneatmg in nilrogen is not a viable technqua 



In view of the foregoing limitations of the prior art, 
there is a need for a k)w4>andgap senwx>nductor rnate- 
rial that is compatible with InP-based materials and can 
be cartx)n<ioped In corKentrations up to approximately 
1020cm~3 without significant hydrogen passivation 
effects. It Is also desirable tfiat such a cartx)n-doped 
semiconductor material be producible by both MOCVD 
arti MBE processes. 

Summary of the Invention 

The present Inverrtion comprises a semicorxiuctor 
formed of cartxm-doped gallium arsenide antimonide 
(GaAsSbiC). CarbonKk)ped GaAsSb can be fabricated 
by metak)rgank; chemical vapor d eposition (MOCVD) or 
molecular beam epitaxy (MBE), for example, to produce 
a p-type senwonductor. GaAsSbrC has been grown by 
MOCVD using triethylgalfium (TEGa). tertiarybutylarsine 
(TBAs). trim^hylantinwny (TMSb). and carbon tetra- 
chloride (CCI4) as the source materials for galliiAn, 
arsenic, ai^imony, and carbon, respectively. Other 
source materials such as trimetfiyfgallium for Ga; arsine 
or trin>ettiylarsenic kx As; stft>ane or triethylantimony Uh 
Sb; and carbon tetrabrofrtde. trimethylgallium, or tri- 
methylarsenk: for C may also be used in combination to 
produce carbornJoped GaAsSb by MOCVD. It is antici- 
pated that MBE or metatorgank: MBE (MOMBE) can uti- 
Gze the kxegoing sources in addition to traditional MBE 
sources such as elemental Ga. As. and Sb. 

Carbon-doped GaAsSb comprises a p-type sem- 
conductor ttiat may replace conventional p-type GalnAs 
in lnP-t)asedsemkx>nductordevk:eswherehigh concen- 
trations of a k>w dHfusivrty p-dopant rrust t>e Incorporated 
in a region of the device without hydrogen passivation 
effects. Active cartx)n concentrations in excess of 1 x1 020 
cm,~3 can be achieved in GaAsSb if desired. 

A principal object of the invention is a p-type semi- 
conductor that is conpatiUe with hP-based semicon- 
ductor materials. A feature of the invention is cartxxi- 
doped GaAsStx An advantage of the invention is high 
hole concentration In a p-type semkx)ndUctor tiiat is 
cornpatble with lnP-t>ased semk»nductor materials and 
can be produced using MOCVD and MBE processes. 

Brief Description of tfie Drawings 

R)r a more complete understanding of the present 
invention and for further advantages thereof, ttie fdfow- 
Ing Detailed Description of the Preferred Embodiments 
makes reference to the acconpanying Drawings, in 
whk;h: 

FIGURE 1 isa schematic cross section of an exem- 
plary InP-based semkx)nductor devk^e incorporat- 
ing a region of carborvifoped GaAsSb of the present 
inventioa 
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Detailed Description of the Preferred Embodiments 

The presem invention conprises a p4ype semicon- 
ductor formed of caftx>n<joped gallium arsenide antimo- 
nide (GaAsSbrC). Cait)on-doped GaAsSb can t>e 5 
fat)ricated tyy various methods, such melalorganic 
chemical vapor deposition (MOCVD) or molecular t>eam 
epitaxy (MBE), for exan^a GaAsSb.C has been grown 
by MOCVD using triethylgallium (TEGa), tertiarytxity- 
larsine (TBAs). trimethylantimony (TMSb), and caitxm io 
tetrachloride (CCU) as the source materials lor gaOium, 
arsenic, antimony, and caitx3n. respectively. The growth 
conditions used in a horizontal MOCVD chamber were 
in the temperature range of SOO-eoO'^C and 70 torr oper- 
ating pressura These materials and conditions were is 
selected based on previous experience In the growth of 
InP-based heterojunction bipolar tranststors (HBTs) by 
MOCVD. Other source materials such as trim^hylgal- 
liiOTi for Ga ; arsine or trimethylarsenic for As; stib^ or 
triethylantimony for Sb; and caibon tetrabromide^ tri- 20 
methylgallium. ortrimethylarBenicfDr Gmayalsobeused 
in combination to produce carbon-doped GaAsSb by 
MOCVD. It Is anticipated that MBE or melalorgaracMBE 
(MOMBE) can uti Kze the foregoing sources in adcfition to 
tradrtior^ MBE sources such as elemental Ga. As, and 2s 
Sb. 

Using MOCVD. careM control of the As/Sb ratio in 
the gas phase is required to achieve a GaAsSb compo- 
sition tfiat is compatible with InP. Since arsenic deposits 
pr^erentially over antimony, a larger gas phase concen- 30 
tration of TMSb is generally needed. The addition of CCI4 
can cause a lower growth rate and change in the com- 
position relative to undoped or n-lype doped GaAsSb 
material. Upon the addition of CCI4. the GaAsSb com- 
position skews toMQTd As-rich, requirmg a reduction in as 
the TBAs gas phase concentration to maimaln the cor- 
rect conposHion. 

InP-Based Semiconductor Devices 

40 

InP-based semiconductor materials corrprise a 
family of related materials that may be grown epitaxially 
on an InP substrate. InP-based materials generally 
include InP. Ga^lni.j^As, GaxIn^.j^ASyP^.^ Ayni-xAs. 
GaASxSbi-x. Ga^lni.,jASySbi.y AlAs^.^ GaP^.^. 45 
and AlyGavxASySbi.^ The ternary and quaternary InP- 
based materials can be grown such that their conrposl- 
tions result in crystal structures having a lattice param- 
eter matching that of InP (i a. lattice matched rreterials). 
These compositions, however, can also be fabricated so 
with lattice paranrieters thaft differ significantly fm 
of InP 

CarbonKfoped GaAsSb comprises a p-type semi- 
conducta that may replace conventional p-type GalnAs 
in InP-based semiconductor devices where Nghconcen- 55 
tratioris of a k>wdTffusivity p-dopant rTuslk>e iricorporated 
without hydrogen passivation effects. If desired, active 
caibon concentrations in excess of 1x1020 cm~3 can be 
achieved in GaAsSbi 



Caibondoped GaAsSb is useful, for example, as a 
p-type layer in lll-V confound semiconductor HBTs, 
whfch may oonrprise n-p-n or p-n-p devices as is well 
krxjwn in the art As exanples. an r>^>n HBT 10 is illus- 
trated in schematic aoss section in Figure 1 and an after- 
native p^hp HBT 30 is illustrated in Figure 2. HBTs 10 
and 30 are formed on an InP substrate 12 and indude 
contacts 14. 16. and ISforan emitter, a collector, and a 
base, respectively. In nt>-n HBT 1 0, which is descrS)ed 
and illustrated as an exerTf>lary entxxfiment (not a lim- 
itation), a collector contact (suboollectof) layer 20. a col- 
lector layer 22. a base layer 24. an emitter layer 26. and 
an emitter contact layer 28 are deposited epitaxially on 
InP substrate 12 as illustrated in Rgure 1. Emitter layer 
16andcollectorlayer22 may comprise lightly doped(n-) 
InP or InAIAs. for exampi a Contact layers 20 and 28 may 
comprise heavily doped (n*) GalnAs or GaAsSb. for 
example. Heavily doped base layer 24 (p*) is tabricated 
from cartx>n-doped GaAsSb of the present invention, 
vifhich replaces p-type GalnAs that is used in the prior 
art By replacing p* GalnAs of the prior art wHh carbon- 
doped p^ GaAsSb of the present invention, hi^ concen- 
tratioris of a low diffusivity p-type doparit can t>e iriGorpo- 
rated without hycfrogen passivation effects. Base layer 
24 may be fabricated of GaAsSbiC using the MOCVD 
growth techniques descn'bed above, as well as other 
crystal growth techniques such as MBE and MOMBE. 

An advantage of the present invention is that InP- 
t>ased semiconductor devices can be tatxicated using 
well-known MOCVD techniques, achieving active car- 
bon concentrations in GaAsSb in excess of 1 x1 020 cm"3 
if desired. Because the active base layer in an HBT. for 
exarrple. is a buried junction, bounded above and l>elow 
by the emitter and collector, respectively, nitrogen-ambi- 
ent anneafing as used to reverse hydrogen passivation 
effects in an exposed, prior art GalnAs:C layer is not an 
effective techniqua Thus, cartxxKloped GaAsSb of the 
present invention is a superior semiconductor material 
for InP-based HBTs, especially when fabrication by 
established MOCVD techniques is desired. 

aalms 

1 . An lnP-t)ased semiconductor, comprising: 

a layer (1 2. 20. 22) of InP-based semiconduc- 
tor material: and 

an epitaxial layer (24. 42) of carbon^ed 
GaAsSb deposited atop said layer (12. 20. 22) of 
InP-based material. 

2. The InP-based semiconductor of Claim 1. wherein 
said layer of InP-based semiconductor material 
comprises an InP substrate (12) and said carbon- 
doped GaAsSb is deposited as an epitaxial layer 
(24. 42) on said InP substrate (12). 

3. The InP-based semiconductor of Claim 1. further 
comprising: 

an InP substrate (12): 
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said layer of InP-based semicondijctor mate- 
rial deposited as an epitaxial layer (20. 22. 42) on 
said InP sitetrate (12); and 

said cartx)n-doped GaAsSb deposited as an 
epitaxial leq^er (24. 44) on said layer of InP-based 5 
semicondijctor material 22. 42). 

4. The InP-based semiconductor of Claim 1. further 
comprising: 

an InP substrate (12); 10 
a first layer (20. 22) of n-type lnP4)a6ed sem- 
iconductor material deposited on said InP sutetrate 

(12): 

said cartxHi-doped GaAsSb deposited as a 
p-type layer (24) on said first layer (20. 22) of n-type is 
InP-based semiconductor material; and 

a second layer (26) of n-type InP-based sem- 
iconductor material deposited on said p-type layer 
(24) of c^borvdoped GaAsSb. 

20 

5. The InP-based semiconductor of Claim 1, wherein 
said layer (1 2. 20. 22. 42) of InP-based semiconduc- 
tor material is selected from the ^oip of materials 
consisting of InP. Gaj^ln^.^ Gaxini-xASyP^y 
Aljtlni,^. GaAs^.,. GaJni.„ASySb|.y ss 
AlAs^,.^ GaP^.,^ and AAfia^^J^^^ 

6. The InP-based semiconductor of Claim 1. further 
comprising: 

an InP substrate (12); 30 
said layer of InP-based semiconductor mate- 
rial deposited as afirst n^ epitaxial layer (20) on said 
InP substrate (12): 

a first vT epitaxial layer (22) of friP-based 
semiconductor material deposited on said first n^ as 
layer (20); 

said cartx)rhdoped GaAsSb deposited as a 
p^ epitaxial (24) on said first n~ (22); 

a secorvi n' epitaxial layer (26) of frtP-based 
semiconductor materia) deposited on said p^ layer 40 
(24) of cartxxHioped GaAsSb; and 

asecond n* epitaxial layer (28) of InP-based 
sernconductor material deposited on said second 
n~l£ver(26). 

45 

7. The lnP-k>ased semicorvluctor of Claim 1. wherein 
the semiconductor is an n-p-n HBTdevice (10) com- 
prising: 

an InP substrate (12): 

said layer of InP-based semiconductor mate- so 
rial deposited as an nr odtector contact layer (20) on 
said InP substrate (12); 

a coOector layer (22) of n~ InP-based semi- 
conductor material dejposited on said rf coHector 
contact layer (20); ss 

said carboTHJoped GaAsSb deposited as a 
p* base layer (24) on said n~ coflector layer (22): 

an emitter layer (26) of n'' InP-based semi- 
conductor material deposited on said p* base layer 



(24) of caibonKjoped GaAsSb; and 

an emitter contact layer (28) of n^ InP-based 
semioonduclor material deposited on said n' emit- 
ter layer (26). 

a ThelnP-basedsemiconductorof Claim 1. wherein 
the semiconductor is a p-n-p HBT device (30) com- 
prising: 

an InP sUt)strate(12); 

said caibon-dopeid GaAsSb deposited as a 
p* cdleclor contact layer (40) on said InP sitetrate 
(12); 

said layer of InP-based semiconductor mate- 
rial deposited as a p' coOector (42) layer on saki p* 
collector contact layer (40); 

a base layer (44) of n* InP-based semicon- 
cfcictor material deposited on said p~ collector layer 
(42); 

an emitter l^er (46) of p" InP-based senw- 
conductor naterial deposited on said n* base layer 
(44); and 

an emitter contact layer (48) of p* InP-based 
senvoonductor material deposited on said p"* emit- 
ter layer (46). 

a The p-n-p HBT (30) of Qaim 8. wherein said cdlec- 
tor layer (42) oorrprises a p~ carbon-doped GaAsSb 
layer. 

ia The p-n-p HBT (30) of Oaim 9. wherein said emitter 
contact layer (48) comprises a p* carixxi-doped 
GaAsSb layer. 
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